Western Michigan University

ScholarWorks at WMU
Honors Theses
4-18-2017

Torsion Element Test Bench Design
Trevor Gick
Western Michigan University, trevor.gick@gmail.com

Follow this and additional works at: https://scholarworks.wmich.edu/honors_theses
Part of the Electrical and Computer Engineering Commons

Recommended Citation
Gick, Trevor, "Torsion Element Test Bench Design" (2017). Honors Theses. 2790.
https://scholarworks.wmich.edu/honors_theses/2790

This Honors Thesis-Open Access is brought to you for
free and open access by the Lee Honors College at
ScholarWorks at WMU. It has been accepted for inclusion
in Honors Theses by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

Lee Honors College

ROSTA USA Torsion Element Test Bench Design
Richard Blischke, Trevor Gick, Steve Johnson
Sponsor: Ian Osborn, ROSTA USA
Advisor: Dr. Johnson Asumadu
Electrical and Computer Engineering 4820
April 24, 2017

Gick, Johnson, Blischke ii

ACKNOWLEDGEMENTS
The senior design team would like to thank Ian Osborn and ROSTA USA for allowing us the
privilege to conduct this project. The team would also like to thank Ian and ROSTA for
sponsoring this project and providing the facilities, providing mechanical design, and providing
the tools necessary to complete this project successfully.

Gick, Johnson, Blischke iii

ABSTRACT
A test apparatus has been designed to apply a torque to a range of suspension products
developed and sold by ROSTA USA Corporation (ROSTA). The products tested here are used
in industrial applications, including vibration damping and suspension for industrial machines.
The designed device takes several specifications into account. To withstand the forces
applied to it, the structure of this device is created from steel with bracings to support heavily
loaded areas. The device is designed with a “sled” type design so that a forklift will be able to
move the sled if needed. To apply torque to the elements, a hydraulic cylinder is used that will
extend and retract to apply a force on a moment arm, which then transfers the force to the
tested element. For accuracy, the torque sensors used for this device are load cell type analog
sensors placed on the hydraulic cylinder that measure the force. This is converted to torque in
the LabView software, based on the arm length. A linear encoder is used to measure the length
of the hydraulic cylinder and sends a digital signal to LabView. The program then converts this
length to a displacement angle. The digital and analog signals are read through two data
acquisition modules. The entire system is then connected from the data acquisition modules to
a computer via USB. A user interface was created in LabView to control the system and display
the output with an accuracy of 1.5%.
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1.0 INTRODUCTION
Manufacturers routinely test existing designs and proposed new designs to verify that the
existing designs meet specifications. Testing enables manufacturers to ensure the capabilities of
their products are sufficient. Gathering data can be accomplished by creating a testing assembly
that can be used for a variety of a manufacturer’s products. It is especially beneficial to the
manufacturer to have a single assembly capable of performing qualification tests and collecting
data for several products that the particular manufacturer makes. In this project, a test stand was
designed that is capable of testing the torque and angle of displacement of several different sized
torsion elements.
The sponsor for this project is ROSTA USA Corporation. ROSTA USA Corporation
(ROSTA) is a manufacturer of several rubber suspension systems used in machines and other
applications. The torsion elements that need to be tested by this assembly are stationary vibration
damping and shock absorbing suspension systems. The torsion element consists of an outer metal
frame that houses rubber bushings and an inner metal structure. In a typical application, the outer
shell of the element is solidly connected to a stationary part of a machine or assembly. The inner
metal structure is connected to a vibrating or oscillating part of the machine and is allowed to
turn within the structure. This element acts as a vibration damper or suspension system for the
machine that it is mounted onto.
The testing assembly designed in this project is able to apply a torque to one of these
torsion elements, measure the reaction of the element, and display the data received from the
element in LabView via USB. A staff engineer at ROSTA acted as the primary contact for this
project and offered major support in the design and fabrication of the mechanical components of
the project. ROSTA has also provided funding for purchasing parts as well as fabricated the
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specialized parts that were required. The budget for this project was originally set at
approximately $5,000. While the electrical components were designed to be under this price, the
total price is higher than this due to the mechanical structure that was designed. The final design
concept for this project is detailed in Section 5.0 while the alternatives that were being
considered are listed in Appendix A. The basic function of this project is to apply a torque to the
static element, measure the torque applied and angle of displacement of the inner portion of the
element, and display the data received from the element. The design concept outlined in Section
5.0 will detail the specific approach to accomplish this goal.

Gick, Johnson, Blischke 3

2.0 NEED STATEMENT
The need for this project stems from the company’s desire for an assembly that can test
several new and existing products in order to qualify the product designs and display testing data
to engineers and customers. The assembly will be required to apply a torque to a stationary
element, measure the torque applied and angle of displacement, and display data relative to the
tested element to the user. It is required that this assembly be capable of testing a range of
elements. The elements are all ROSTA products that are used as shock absorbing and vibration
damping elements in a number of industrial applications. These applications include industrial
machines, conveyor belts, and other moving parts requiring absorption of the shock.
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3.0 LITERATURE REVIEW
Several articles and data sheets relative to the requirements of this project were examined
to gain a better understanding of the technology required to complete the project. Topics
researched include applications of LabView to data display and control systems, technical data
from ROSTA products, applications of reaction torque sensors, technical data from hydraulic
pressure sensors, and applications of angular position sensors.
Using pressure sensors placed in hydraulic lines was also analyzed in the literature
search. Depending on type of pressure sensors used versus budget considerations, one or
multiple pressure sensors may be used for this method. The decision for this design option will
be made on considering the effects on budget of using one sensor with one hydraulic line and
pressure release valves or multiple sensors with multiple hydraulic lines.
In searching the technical data and applications of reactive torque sensors, the alternative
mentioned in Appendix B, it was found that these sensors were capable of easily meeting the
torque range and resolution specifications of this project. However, these sensors were very
expensive for higher torque ranges and higher resolutions [1]. Additionally, several torque
sensors would be needed to accurately cover the entire range specified for this project.
For the final design concept described in section 5.0, technical data for load-cell type
force sensors was searched and analyzed. An example that has been analyzed for this project is
the Omega LC101-K load cell. Designing the test stand with this configuration will allow for a
more simple approach to measuring force than using a torque sensor. In this case, only one
sensor can be used to instead of multiple torque sensors. This sensor will be able to easily
measure the applied torque if calibrated using a moment arm equation [2]. Even though more

Gick, Johnson, Blischke 5

thought and design will need to be put into a mechanism to use this sensor, the sensor provides
the benefit of cost savings.
Next, applications of LabView to data display and control system projects were searched.
Projects searched include a hydraulic torque converter, a six-axis torque sensor, and a drive
shaft. Results from this search show that LabView can be applied in numerous ways to these
projects and will need to be applied in the case of this project [3]-[5].
Finally, a patent search for parts relative to this project was conducted. One patent that is
very close to one of our alternatives [6] makes mention of both using hydrodynamic pressure to
apply torque to the test element. It also includes a control system to be used to move the element
through the whole test, which was being considered for all the alternatives. Another patent to
consider [7] mentions measuring force to find the torque on an object. This one is more focused
on measuring force on 3 different axes instead of the single axis of rotation required for this
project. Another patent that has to be considered [8] measures torque in regular intervals, but it is
more made with test elements that would be spun a full 360° and also measures the element at
regular time intervals, instead of regular rotation intervals. Finally, one last patent [9] may be
applicable to one of the alternatives to be selected, as it shows a base that holds a test element,
along with a test wrench to measure the torque of the element.
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4.0 SPECIFICATIONS
In this section, the specifications for this project are detailed. This section contains both
original specifications and final specifications. The original specifications are separated into five
sections. These sections are physical characteristics, electrical components, sensor performance,
data display system, and budget. The final specifications section highlights only specifications
that underwent change as the project was developed.
4.1 Original Specifications
Below are the original specifications for this project detailed by the project sponsor.
4.1.1 Physical Characteristics
1. Structural Component Strength
With the test element securely fixed to the testing device, the structural
components of the device must withstand a torque reaction of up to 6500 Newton-Meters.
(Requirement)
2. Physical Size Requirements
The device must be large enough to test elements that range from 50 millimeters
to 100 millimeters in diameter and 250 millimeters to 450 millimeters in length.
(Requirement)
3. Mechanical Torque Application
The device must be able to apply a torque force to the tested element. This will
most likely be done with the use of a linear hydraulic actuator. (Requirement)
4. Mechanical Component Strength
The torque application assembly must withstand a torque force of up to 6500
Newton-Meters. (Requirement)
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5. Torque Application Assembly
The torque application assembly must be able to displace the test element by ±30
degrees for a total of 60 degrees of displacement. (Requirement)
4.1.2 Electrical Components
1. Torque and Angle Sensing
The device must be equipped with sensors that electronically measure
applied torque and angle of displacement of the test element. (Requirement)
2. Data Acquisition and Display System
The device must be equipped with a data collection and display system
that is compatible with Microsoft operating systems. (Requirement)
3. Data Acquisition Compatibility
Add-on data acquisition devices must be universally compatible with
several computer systems. For example, USB driven data acquisition devices may
be used. (Preference)
4. Electronic Control System
The mechanical force applicator shall be controlled by an electronic or
computer control system. (Preference)
5. Data Acquisition Programming
LabVIEW must be used to design and model the system and for control
system programming. (Preference)
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4.1.3 Sensor Performance
1. Torque Sensing Range
The sensor(s) used to measure the applied torque must be capable of
measuring torque ranging between 700 Newton-Meters and 6500 Newton-Meters.
(Requirement)
2. Torque Sensing Accuracy
The sensor(s) used to measure the applied torque must be capable of
measuring the torque applied within 1.5% resolution at both the high and low
ends of the torque range. (Requirement)
3. Angle Sensing Range
The sensor used to measure angle of displacement must be capable of
measuring between +30 degrees and -30 degrees for a total of 60 degrees of
displacement. (Requirement)
4.1.4 Data Display System
1. Data Display on Computer Monitor
The data display system must provide a graphical or tabular representation
of the data to the user. (Requirement)
2. Data Point Frequency
The data display must create a data point every ½ degree of displacement
or better. (Goal)
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4.1.5 Budget
1. Project Budget
The budget for the entire project is set at approximately $5,000. This value
is flexible but cannot be largely changed. (Preference)
4.2 Final Specifications
As this project progressed, a few of the above specifications were changed. In section
4.1.1, specification number 5 states that the element should be displaced by 30 degrees in both
directions. This specification changed to displacing the element by 5 degrees by “pushing” it
with the hydraulic arm and then “pulling” the element by 30 degrees. This specification also
changes specification number 3 in section 4.1.3 to the same parameters.
In section 4.1.5, the budget was flexed as the project developed. Instead of having an allinclusive budget of $5,000, the budget was increased to approximately $7,000 to $8,000 with the
inclusion of steel for the device structure.
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5.0 FINAL DESIGN CONCEPT
In the proposal document for this project, several design concepts were considered. The
alternative design concepts are explained in detail in Appendix B at the end of this document.
The final design concept that has been developed for this project is explained in the following
section.
The design for this project includes several different elements. Those elements include a
device structure, a mechanical system, an electrical system, a data acquisition system, and a user
interface. The primary focus of the senior design team was to design and implement the electrical
system, the data acquisition system, and the user interface. With the exception of the hydraulic
components, the structure was designed by the project sponsor, Ian Osborn of ROSTA. Each of
the project design elements are explained in detail below.
5.1 Mechanical System
5.1.1 - Structure
The base structural design for this device is a sled type structure made from steel. The
structure was designed and ordered by the project sponsor. The device consists of a steel
platform with rails below the platform to allow the device to be picked up and moved by a fork
truck. Connected to the platform is a hydraulic ram and a steel arm. The steel arm is fashioned to
securely hold the element being tested in place while turning to apply a force. To apply a force of
the torsion element, the steel arm is connected at the top of the arm to the end of the hydraulic
ram. The hydraulic ram and the steel arm create a triangle shape with the top corner of the
triangle being the point at which the hydraulic ram and the steel arm connect. The other two
corners of the triangle are where the hydraulic ram connects to the platform and where the steel
arm connects to the platform. The electronics enclosure and hydraulic components are all
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connected to the platform. Figure 5.1 is taken from a 3D representation of this device drawn in
AutoCAD.

Figure 5.1 - Device Structure
Because large forces are involved when testing the components on this device, the
structure needed to be reinforced by steel structural components and bracings. Figure 5.2 below
is a picture of the final structure of this device.
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Figure 5.2 – Picture of Device Final Assembly
5.1.2 - Mechanical Components
The hydraulic components of this device were selected by the senior design team in
collaboration with ROSTA. Based on the calculations in Appendix B, a suitable hydraulic pump
and hydraulic cylinder were selected. The hydraulic pump selected for this device is a 1 HP
electric hydraulic pump that is powered by a 115 VAC source. The other major component of
this device is the hydraulic cylinder that applies force to the element. Based on the expected
force and displacement on the cylinder, the hydraulic cylinder selected is a 2 inch bore cylinder
with a 1.125-inch rod and 12-inch stroke. For forward and reverse control, a solenoid valve is
used. This is controlled electrically.
5.2 - Electrical System
The electrical hardware used in this device is simple. The hardware consists of signal
wires running from the analog and digital sensors to the data acquisition units (DAQs). The
DAQs are then connected to a laptop computer using USB access. The DAQ is powered by the
USB connected to the laptop. A 24 VDC power supply is included in the electronics enclosure to
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power both the digital DAQ and the analog DAQ. The analog DAQ required external power to
provide an excitation voltage and the digital DAQ requires external power to supply 24V logic
levels as an output.
To measure the torque applied to the element, load cell type sensors are mounted on the
hydraulic cylinder. The load cell sensors are powered by an excitation voltage coming from the
DAQ. This voltage is 12 VDC and the output is 3mV/V meaning the total output is an electric
signal between 0 and 36mV. These load cells are interchangeable on this device. To be capable
of measuring the range of elements required, two different load cells were purchased for this
project. The full-scale measurement of one load cell is 3000 lbs and the other is 1500 lbs. These
sensors were selected based on the 1.5% accuracy specification for this system. The two sensors
were selected to achieve desired accuracy across the entire expected range of measurement for
all torsion elements from ROSTA. Detailed accuracy and uncertainty calculations are in
Appendix B - Alternative Design Concepts and Calculations along with force calculations.
To measure the angle of displacement of the tested element, a linear encoder was
selected. The linear encoder is manufactured by Baumer and works by encoding the position of
the hydraulic arm into a digital value. The encoded digital signal is then read by the digital I/O
data acquisition unit (DAQ). The encoder only measures distance. This means the distance
measured has to be converted to a displacement angle using trigonometry. In the Figure 5.3, the
linear encoder and force sensor is depicted in the AutoCAD drawing of this device.
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Figure 5.3 - Linear Encoder and Force Sensor Placement
Detailed calculations for the expected force, measurement accuracy, and angle of
displacement are included in Appendix B - Alternative Design Concepts and Calculations. The
two figures below show pictures of the sensors mounted on the device in a final configuration.

Figure 5.4 – Force Sensor Mounted on Device
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Figure 5.5 – Linear Encoder Mounted on Device

5.3 - Data Acquisition System
The data acquisition system for this device was selected by the senior design team. This
system consists of two data acquisition modules (DAQs). One DAQ module is responsible for
reading the analog output of the force sensors while another separate module is responsible for
both digital input and output. To read the analog input, the National Instruments NI-9218 2channel analog input module was selected. This module features 2 input channels with a total
sampling rate of 51.2 kS/s per channel. Only one channel is used at a time since only one force
sensor is connected at time. The module is connected to a chassis that allows it to be connected
to a computer through USB. The digital DAQ module selected for this project is the National
Instruments NI-9375. This module features 16 Digital input channels and 16 Digital output
channels. The linear encoder is connected to this module through six digital input channels.
Three digital output channels are used to control the position of the hydraulic cylinder. The
digital DAQ has an input update rate of 7 microseconds. National Instruments DAQs were
selected for this device for ease of use with LabView and easy USB access. Figure 5.6 and 5.7
are example pictures of the DAQ module as well as the chassis used for this device.
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Figure 5.6 – NI-9218 Analog Input Module

Figure 5.7 – NIcDAQ-9171 Chassis

5.4 – System Block Diagram
Figure 5.8 shows the block diagram of the system. The system is supplied with typical
household 120 VAC 60Hz power. This 120 VAC power is applied to the hydraulic power unit
only when the emergency stop button is released and the NI 9375 Digital DAQ module outputs a
24 VDC signal to the motor contactor. The direction of the hydraulic cylinder is controlled by a
solenoid valve, from a 24 VDC signal from the NI 9375 Digital DAQ module. As the hydraulic
power unit moves the hydraulic cylinder, the linear encoder converts the distance traveled by the
cylinder into a 24V HTL quadrature signal to be read by the NI 9375 Digital DAQ. The load cell
converts the measured force into a millivolt signal to be read by the NI 9218 Analog DAQ.
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Figure 5.8 - System Block Diagram
5.5 - User Interface
In accordance with the specifications for this device, a user interface was created to take
inputs from the user and to display the torque and angle of displacement measured from this
device. This user interface was programmed in LabView 2016. The LabView program uses
mathematics to convert the input electrical signal through the system to the output torque and
angle. The DAQs are connected to LabView using the DAQmx driver from National
Instruments. The “DAQ assistant” was used on the block diagram to set up both DAQs on the
software. The below Figure 5.9 depicts the front panel of the user interface created. The
complete block diagram for this assignment is included in Appendix C – User Interface Block
Diagram.
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Figure 5.9 - Front Panel Of LabView User Interface

5.6 – Bill of Materials
In Table 5.1, a Bill of Materials for this device is presented. The Bill of Materials
includes all of the items selected by the senior design team and procured by ROSTA. This Bill of
Materials also shows the prices for the individual components and total budget. It should be
noted that this total price does not include the cost of the mechanical structure, which was
selected and ordered by ROSTA.
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Table 5.1 - Bill of Materials
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6.0 PERFORMANCE RESULTS
With the system completely assembled, sample test data was obtained from the device. The
device was built with all electrical components, mechanical components, and structure
completely assembled. However, the tests completed in this section are simulations only and the
data obtained is not usable data for ROSTA. These tests simply demonstrate the operation of
device.
6.1 Analog Signal Test
The analog DAQ was tested to read values from a dc voltage. The DAQ was connected to
the user interface to incorporate the mathematics derived from the device mechanical setup.
Using the expected voltages returned from the force sensor, a dc voltage was output to the DAQ.
With the LabView program running, the voltage was varied from a maximum of 36mV
(maximum voltage from the sensor) to a minimum voltage of 27mV. The LabView program
plotted the data coming from the DAQ over time and converted the electrical signal to the
expected torque on the element in ft*lbs. To conduct the test, the voltage was turned on and
decremented by 1mV approximately every five seconds. This was done to get a number of values
that could be averaged for each input. Once the test was completed, the data in the LabView
chart was exported to Excel. Using Excel, averages of the values were taken and compared with
the expected torque values for the input voltage. A summary chart of this data is included in
Table 6.1 below. The percent error between the expected values and the averaged data values
was calculated. For all values, the percent error obtained was less than 1%. In Figure 6.1, the
chart generated in LabView is displayed. This chart shows the voltage being decreased over
time.
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Table 6.1 – Actual Torque Vs. Expected Torque Comparison Chart for Simulation

Figure 6.1 – LabView Torque Vs. Time Chart
6.2 Digital Input and Output Operation
When this device was built, the first test conducted was to ensure operation of the
hydraulic cylinder. In order for the hydraulic cylinder to work properly, the digital output signals
going to the solenoid to control forward and reverse needed to work properly. These digital
output lines were built into the LabView user interface and “forward” and “reverse” buttons were
created to allow for the user to control movement of the hydraulic cylinder. The operation of
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these buttons was tested and proved to work properly. The device successfully responded to the
commands given from LabView.
The other digital item that needed to be tested was the operation of the linear encoder. Six
digital input lines were used as inputs to the DAQ coming from the linear encoder. In order to
read the encoder output, a manual digital edge counter needed to be implemented in LabView to
count the number of pulses coming from the encoder. This is particularly difficult because no
easy way exists to develop an edge counter manually. LabView can access onboard counters on
the cDAQ-9171 chassis purchased for this device, however, the NI-9375 DAQ module does not
have access to these counters. Having a DAQ module that could access the counters would
greatly improve the usability and performance for this device. Although the digital edge counter
and linear encoder was successfully built in LabView, the operation of the counter is too slow for
the operation of the device. The LabView program is unable to update the status of the user
interface fast enough to display the proper distance traveled from the linear encoder. Some
troubleshooting has taken place to address this problem, however, the problem still remains.
Although the digital input lines work correctly, the status of the linear encoder is not able to be
read accurately.
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7.0 CONCLUSION
The system designed for this project was designed to meet all of the specifications
outlined in the specification section above. The project structure, mechanical system, and
electrical system were all successfully built. As a whole, the project is approximately 90%
complete. With all systems built and working together, the final steps to complete the project
should be to test the operation of the sensors to get usable data from a tested element. With the
tests and simulation completed in the performance results section above, the device has met all
operational and physical requirements. To fully verify the performance, extensive testing will
need to take place with an element attached. In collaboration with ROSTA, the senior design
team successfully developed this project from an idea to a design concept and a physical
structure. Improvements and further work will need to be completed in order for the project to
perform as desired, however, the majority of the design and build has been completed.
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8.0 RECOMMENDATIONS
As this project developed, a few recommendations for improvements to the design
became apparent. Although the senior design team took several steps to improve the design as
the project continued, a few recommendations can be made at this point to further improve the
device build and performance.
8.1 Device Testing
The first and most important recommendation here is to verify the operation of the
device. In order to verify this operation, complete testing of the entire system will need to be
implemented. Both analog and digital input signals need to be tested with the current setup to
verify that these operate properly. Incorporated in the testing, debugging of the system
measurements will need to take place. The manual edge counter developed in LabView should
be carefully monitored for operation with the system. Additionally, several complete tests with
an element attached and known torque values should be conducted to verify proper calibration of
the analog sensor.
8.2 Autonomous Testing
It was originally desired for this project to function autonomously. This means that the
device user would be able to press a single button to turn on the system and the device would be
able to run by itself by controlling the hydraulic arm and measuring data values as the test
progressed. The desire was for the system to perform the test and then turn off in the “neutral”
position with no load on. The data from the test would be recorded and then the user would be
able to export that data. As the project stands now, the user has to control the forward and
reverse buttons on the user interface and the test is not automatic. It is recommended that two
items be implemented in order to provide this autonomous testing. Firstly, it is recommended to
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use a proportional hydraulic flow control valve to control how fast and how much the hydraulic
cylinder is moved from LabView. Implementing this valve will allow for more precise control
over the hydraulic cylinder movement. The autonomous test would then need to be implemented
in LabView with the proper timing intervals and data recording rate desired.
8.3 Digital Input DAQ Module
In the current setup for this device, the National Instruments NI-9375 Digital I/O DAQ
module is used for both digital input and digital output lines. This module was chosen because it
was capable of providing a 24V output and reading an input. The downfall to using this module
is that the module cannot access the onboard digital counters in the chassis. The digital counters
can be extremely useful for the encoder measurement for this device. The result of not being able
to use these counters is that a manual counter needed to be created in LabView and is very
difficult to understand and modify. With a digital DAQ module, a specific digital input can be
created where LabView will automatically setup a digital counter. This would greatly reduce the
amount of programming needed in LabView and will be much more accurate if used. In order to
implement this, another digital DAQ module would need to be purchased that would have access
to the onboard counters on the NIcDAQ-9171 chassis. The DAQ module would need to be a
dedicated input module in order to read the encoder input. If this module is implemented, the
existing NI-9375 module could be used for output only.
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APPENDIX A – UNCERTAINTY DATA FOR DESIGN ALTERNATIVES
This appendix shows calculated data for a ROSTA 100x250 element, comparing a single loadcell force sensor to two hydraulic pressure sensors. Table A.1 shows the components used.
Table A.1
Torque Arm Length

1.0m = 39.37in

Pressure Sensor 1 FS

1000psi = 68.95 bar

Hyd Cylinder Length

1.48m=58.25”

Pressure Sensor 2 FS

150psi = 10.34 bar

Hyd Cylinder Stroke

1.219m=48in

Pressure Uncertainty

Hyd Cylinder Bore

78.74mm=2”

Force Sensor FS

Hyd Cylinder Rod

44.29mm=1.125”

Force Uncertainty

Figure A.1

Figure A.2

0.2%
1800lb = 8007 N
0.1%
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Table A.2 Data for Angles from -30° to -13°
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Table A.3 Data for Angles from -12.5° to 4.5°
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Table A.4 Data for Angles from -5° to +22°

Table A.5 – Data for Angles from +22.5° to +30°
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APPENDIX B - ALTERNATIVE DESIGN CONCEPTS AND CALCULATIONS
B.1 Hydraulic Pressure Sensing Alternative
The electrical system design will incorporate a microcontroller, multiple sensor inputs,
op-amps, analog-to-digital converters (ADCs), pulse-width modulation (PWM) output to motor
driver, hydraulic solenoid valve, isolation relay, and a user interface via an universal serial bus
(USB) connection to a computer running LabVIEW software. Considering the most likely
sensor package design alternative, two hydraulic pressure sensors will be used, along with one
angle sensor. A block diagram is shown below (Figure B.1) showing a mixture of electrical and
mechanical components and signals.

Figure B.1 - Block Diagram of Control System for Pressure Sensing Alternative
More detailed descriptions of components may be found in the succeeding sections.
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B.2 Accuracy and Uncertainty Calculations
One of the most crucial specifications to this project is the measurement accuracy and
uncertainty. While there are only two basic measurements of angle and torque, the need for low
uncertainty requires that components must be chosen carefully and that data conversion and
calculations be handled appropriately. Figure B.2 shows a basic hydraulic cylinder and torquearm applying torque to a torsion element.
Noting that a force F applied at a radius r from a torsion element, the torque T is given by
𝑇 =𝑟×𝐹

(B.1)

which, for a force F that is perpendicular to the radius vector r, is simply
T = |𝑟||𝐹|

Figure B.2 - Mechanical Torque Application
𝛿𝑇

The fractional uncertainty in this calculated torque
𝛿𝑇

𝑇

𝑇
2

𝛿𝑟
𝛿𝐹)
= √( 𝑟 )2 + ( 𝐹

is then given by [10]

(B.2)

where the fractional uncertainties of the radius and force are given by

𝛿𝑟

𝑟

and

𝛿𝐹

𝐹

, respectively.
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However for an applied force that is not perpendicular to the radius vector, the torque is given by
T = |𝑟||𝐹|𝑐𝑜𝑠𝜑

(B.3)

where φ is the angle between the perpendicular and the applied force. Figure B.3 shows φ when
the hydraulic cylinder is nearly fully extended. As can be observed,
𝜙 = 𝜃−𝛼

Figure B.3 - Showing hydraulic cylinder nearly fully extended
Noting that for a given torque-arm on the same fixed axis of rotation, for any given angle
𝜃,angles 𝛼 and 𝜙 will always hold the same value, as can be seen in Figure B.3, above. It can

easily be seen that for a system which starts with 𝜃 = 0, 𝑑𝑋 = 0, 𝑑𝑌 = 0, and 𝑌1 = 𝑟 and rotates
at an angle 𝜃
𝑑𝑋 = 𝑟 ∗ sin 𝜃
𝑑𝑌 = 𝑟(1 − 𝑐𝑜𝑠𝜃)
𝑡𝑎𝑛𝛼 =
∴

𝜑 = 𝜃 − 𝑎𝑟𝑐𝑡𝑎𝑛(𝑋

𝑑𝑌
𝑋1 + 𝑑𝑋

𝑟∗𝑠𝑖𝑛𝜃
1 +𝑟∗(1−𝑐𝑜𝑠𝜃)

)

(B.4)
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Noting that the values X1 and r are constant throughout the test, the uncertainty of the angle φ
may be reduced to
𝛿𝜑
𝜑

𝛿𝑎𝑟𝑐𝑡𝑎𝑛𝜃

= √(𝛿𝜃)2 + ( 𝑎𝑟𝑐𝑡𝑎𝑛𝜃 )2

(B.5)

And the uncertainty of the torque measurement is given by [10]:
𝛿𝑇

𝑇

𝛿𝑟

𝛿𝐹

𝛿𝑠𝑖𝑛𝜑

= √( 𝑟 )2 + ( 𝐹 )2 + ( 𝑠𝑖𝑛𝜑 )2

(B.6)

B.3 Hydraulic System Calculations

Figure B.4 - Basic Hydraulic System Design
Determining the appropriate motor, pump, and cylinder sizes was conducted jointly with
ROSTA. Data from ROSTA [11] shows that for the test element with the highest expected
torque value (ROSTA element 100x250), torque (τ, N-m) in relation to the angle (θ, radians) can
be approximated by:
4

3

2

𝜏 = 136308 ⋅ 𝜃 − 105921 ⋅ 𝜃 + 36996 ⋅ 𝜃 + 2130.5 ⋅ 𝜃

(B.7)
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𝜋

Because the test is defined as rotating 30 degrees ( 6 𝑟𝑎𝑑), integrating the applied torque
(Equation B.7) from 0 to π/6 yields an expression for the total work done on the element
(Joules):
𝜋/6

𝑊=∫

(136308 ⋅ 𝜃 4 − 105921 ⋅ 𝜃 3 + 36996 ⋅ 𝜃 2 + 2130.5 ⋅ 𝜃)𝑑𝜃

0

W = 1145 J
Given the nature of the test, it seems appropriate to allow at least 30-60 seconds to rotate
30°, and that the final few degrees should not take more than 2 seconds per degree. Performing
the same integration of Equation B.6 over the final degree (29° to 30°) gives an expression for
the work required:
𝜋
6

𝑊 = ∫ (136308 ⋅ 𝜃 4 − 105921 ⋅ 𝜃 3 + 36996 ⋅ 𝜃 2 + 2130.5 ⋅ 𝜃)𝑑𝜃 = 105𝐽
29𝜋
180

To allow for no more than 2 seconds for this final degree would require approximately
53W of power applied to the torsion element.
Due to the geometry of the cylinder and torque-arm, a significant portion of the applied
force is not applied as torque, as shown in Figure B.3. When the hydraulic cylinder is fully
retracted to rotate the element to θ = -30° (not shown), φ ≈ 36°, which leads to an applied torque
that is ≈80% of maximum. Given that the hydraulic system will have losses (assuming ≈80%
efficiency) and that the electric motor will likely also experience similar efficiency, it appears
appropriate to size the motor above 150W or 0.2HP.
Determining the appropriate hydraulic cylinder required assumptions of torque-arm
length and estimated pressure. For the torsion element with the highest torque of 6500N-m, a
1.0m torque-arm was chosen. This would require a cylinder to have a stroke of ≈1m (2(dX) for
θ=-30° to +30° = 1m). The chosen cylinder must be rated for the maximum expected
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compressive force (

6500𝑁−𝑚
1∗𝑐𝑜𝑠30°

= 7500𝑁), and from research of commercially available cylinders, a

2” bore 1.125” rod 42” stroke cylinder was chosen. From this selection of hydraulic cylinder,
the expected hydraulic pressure and volume for an extending cylinder (PUSH force) is obtained
from

𝜋

𝐹1 = 𝑃1 4 𝐷1 2

(B.8)

𝜋

𝑉1 = 𝐿1 4 𝐷1 2

(B.9)

and the expected pressure and volume for a retracting cylinder (PULL force) is obtained from
𝜋

𝐹2 = 𝑃2 (𝐷1 2 − 𝐷2 2 )
4

𝜋

𝑉2 = 𝐿2 (𝐷1 2 − 𝐷2 2 )
4

(B.10)
(B.11)

Table 5.1 shows the “PUSH” and “PULL” forces for expected system pressures.
Table B.1 - Calculated Fluid Pressure of 2” Bore 1.125” Rod Cylinder

Given the decision to use this cylinder, the hydraulic pump is selected. From Equations
and B.9 and B.11, the volume of fluid displaced during the push and pull cycles is shown in
Table B.2.
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Table B.2 - Calculated Displacement of 2” Bore 1.125” Rod Cylinder

It can be seen in Table B.1, Table B.2 (above) and Figure B.5 (below) that for the ‘pull’
portion of the stroke, the maximum torque (for maximum force, and therefore maximum fluid
pressure) will be experienced when the cylinder is nearly fully extended. For this maximum
torque, hydraulic fluid pressure will be greater than 750psi as shown in Table B.1. As can be
seen in Table B.2 and Equation B.11, the fluid displaced during cylinder retraction is
approximately 2.2 cubic inches per inch of cylinder travel. For the final inch of travel,
displacing 2.2 cubic inches at 750psi in an expected 1-2 seconds will require between 0.1 and 0.2
HP delivered to the hydraulic cylinder as estimated by [12]
𝐻𝑃 = (𝐺𝑃𝑀)(𝑃𝑆𝐼)/1714
Given the expected system efficiencies mentioned above, it may be more appropriate to
size the electric motor to at least 0.5HP.
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Figure B.5 - ROSTA Expected Torque vs. Torsion Angle Graph [11]

B.4 Torque Measurement Alternatives
B.4.1 Hydraulic Pressure Sensor Alternative
Control of the hydraulic system is necessary for all design alternatives. This design
alternative utilizes multiple pressure transducers to increase low-end accuracy. Two (possibly
three) pressure sensors will measure hydraulic fluid pressure, which will vary proportionately
with applied force.
Given the design specification for high accuracy, a pressure transducer with very low
uncertainty is required. The pressure transducer chosen for this design is an Omega PX409
series and is shown in Figure B.6. Omega advertises ±0.08% FS accuracy (±0.05% FS
available) with multiple models for different pressure measurement ranges.
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Figure B.6 - Omega PX409 Series Pressure Transducer [13]
The hydraulic pressure sensor requires a 5-10VDC power supply and outputs a voltage
signal proportional to the measured hydraulic pressure. The output voltage is 10mV/V, so at full
scale output with a 10VDC power supply, the sensor will output 100mVDC.
Initial calculations will show that for an extending hydraulic cylinder, the applied force
(F1) will be given in terms of the hydraulic pressure (P1) as:

𝜋

𝐹1 = 𝑃1 4 𝐷1 2

(B.8)

where D1 represents the diameter of the bore of the hydraulic cylinder, given by the cylinder
manufacturer (see Figure B.7).

Figure B.7 - Basic Hydraulic Cylinder During Extension
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And, for a retracting hydraulic cylinder shown in Figure B.8, the applied force (F2) can be shown
to be
𝜋

𝐹2 = 𝑃2 (𝐷1 2 − 𝐷2 2 )
4

(B.10)

where D2 represents the diameter of the rod of the hydraulic cylinder

Figure B.8 - Basic Hydraulic Cylinder During Retraction
The approximate cost for this alternative is given below in Table B.3. This is a
preliminary estimate, and costs are expected to increase, but this alternative should easily satisfy
the specification for total budget of less than $5000. This alternative should cost approximately
$400 more than the single force sensor alternative.
Table B.3 - Estimated Budget for Pressure Sensor Alternative
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B.4.2 Torque Sensor Alternative
Static torque sensors are available commercially that meet specifications for applied
torque and high-end accuracy. Available torque sensors are advertized with ±0.25% FS
accuracy, and appropriate torque sensors are Omega TQ101 series torque transducers, as shown
in Figure B.9 below.

Figure B.9 - Omega TQ101 Series Torque Sensor [1]
This alternative would require at least 3 different torque sensors, which must be changed
for different torsion levels. Additionally, these torque sensors do not have sufficient low-end
accuracy to provide usable data to Rosta for torsion angles of less than 12 degrees. This
alternative meets specification for high-end accuracy, but does not meet ROSTA’s request for
low-end accuracy. As an additional consideration, this alternative would represent the highest
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cost alternative, with 3 sensors having a cost of approximately $3000. Uncertainty values and
budget are not shown for this alternative due to the superiority of the other two alternatives.

B.4.3 Force Measurement Alternative
To measure torque indirectly, using the measured angle with a measurement of the
applied force will allow torque to be accurately calculated. For the accuracy desired by ROSTA,
all components must be chosen such that high accuracy is achieved. A high-accuracy S-Beam
type load cell, Omega LC101-1K shown in Figure B.11 below, has been chosen for direct force
measurement. Omega advertises accuracy of ±0.04% FS, with multiple models for different load
measuring capabilities.

Figure B.10 -Omega LC101 Series Load Cells [2]
The sensor requires a 10-15VDC power source, and outputs a voltage signal proportional
to measured force. The output is 3mV/V, so at full-scale output with a 10VDC supply, the
sensor will have an output voltage of 30mV DC.
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This analog output voltage signal must be converted to a digital value. An ADC will be
used, with an op-amp to scale the output voltage up to an appropriate level for the controller.
Table B.4 shows an approximate budget for this alternative. This is the least expensive
alternative, while still demonstrating impressive accuracy.
Table B.4 - Estimated Budget for Force Sensor Alternative

This alternative was the alternative used in the final design of this project.
B.4.4 Alternatives Comparison
Due to cost, lack of low-end resolution, and the need for multiple sensors to
accommodate the necessary torque ranges, the torque sensor alternative (Section B.4.2) should
not be chosen. While it fulfills ROSTA’s initial specifications for high-end resolution and
measurement range, this alternative falls short of the force measurement and pressure
measurement alternatives in terms of range, accuracy, and cost.
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An exceptionally accurate tension-compression force sensor, such as the Omega LC101
series, fulfills all accuracy and range specifications. The advertised combined accuracy of
±0.04% FS would provide enough low-end accuracy for the system to produce meaningful data
above 5 degrees of angular deflection (assuming the addition of other system uncertainties
combines for 0.1% FS uncertainty). This alternative (Section B.4.3) represents the most costeffective means of obtaining usable data for angles greater than 5 degrees.
A combination of two exceptionally accurate pressure sensors (Section B.4.1) provides
an additional layer of accuracy above the single force sensor. Pressure sensors such as the
Omega PX409 series advertise accuracy of ±0.08% FS, which present the opportunity to achieve
meaningful data down to 2.5 degrees of angular deflection (assuming the addition of other
system uncertainties combines for 0.2% FS uncertainty). While this represents a higher cost than
that of one force sensor, the additional accuracy may be worth the additional cost. Table B.5
shows uncertainty calculations for an example torsion element. The additional cost for this
alternative will be approximately $500 more than the single force sensor alternative.
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Table B.5 - Measurement Uncertainty Comparison
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APPENDIX C – LABVIEW BLOCK DIAGRAM

Figure C.1 – Digital Output Lines to Electric Motor
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Figure C.2 – Conversion of Distances Read from Encoder
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Figure C.3 – Analog Signal Block Diagram and Angle Calculations

Figure C.4 – Digital Edge Counter Functions

